ABSTRACT Unusual life history traits of Aedes (Stegomyia) dybasi Bohart of Palau and Aedes (S.) maehleri Bohart of Yap, Micronesia, were observed in the laboratory. These species are unique in the subgenus Stegomyia in that they use pitchers of a carnivorous plant, Nepenthes mirabilis Druce, as larval habitats. Traits of Ae. dybasi were compared with two sympatric, container-breeding species, Aedes (S.) palauensis Bohart, a probable ancestor of Ae. dybasi, and Aedes (S.) hensilli Farner. Life history traits of Ae. dybasi differ distinctly from those of Ae. palauensis and Ae. hensilli in egg and adult stages as well as in the larva. The female is autogenous and lays a few but extremely large eggs that can neither resist desiccation nor postpone hatch. The latter two species take blood and produce many smaller eggs with desiccation resistance as usual in Stegomyia. Developmental time of eggs was shorter in Ae. dybasi, whereas that for larvae and pupae was longer. Ae. maehleri differs from other Stegomyia species in its early copulation, where males copulate with newly emerging females on the water surface. Females neither are autogenous nor take blood from human hands. Nepenthes pitchers that provide mosquito larvae with a unique environment could contribute to studying either converging or diverging patterns in mosquito evolution under phylogenic potential and constraints after acquisition of a new larval habitat.
The subgenus Stegomyia of the genus Aedes, originally of the Old World, includes some 100 described species (WRBU 2009 ). Research on ecology of Stegomyia has focused on proven vectors, especially Aedes aegypti (L.) and Aedes albopictus (Skuse), whereas species of minor or no medical importance have received little attention.
Species of Stegomyia use water kept in containers, either natural or artiÞcial, as larval habitats. Among plant containers (phytotelmata), tree holes are used throughout the distribution range of the subgenus. Discarded fruit husks such as coconut shells are productive habitats in the tropics. Fallen leaves that hold water also may be common habitats but are usually overlooked due to small sizes and concealment. Some species, including vectors, use water kept in axils of living plants such as taro (Colocasia spp.) and banana (Musa spp.) (Pajot 1983) .
A more specialized habitat of Stegomyia larvae is pitchers of carnivorous plants of the genus Nepenthes (Nepenthaceae). It is a main larval habitat of only two Stegomyia species, Aedes dybasi Bohart of Palau and Aedes maehleri Bohart of Yap, both the islands belonging to western Caroline Islands, Micronesia (Bohart 1956 ).
Pitcher ßuid is plant secretion containing digestive enzymes. Each pitcher lives at most for a few months and died dry pitchers crack sooner or later. Basically, each pitcher is inhabited by only one generation of mosquitoes when it is young and actively secrets ßuid (Beaver 1983, Mogi and Yong 1992) . These attributes make a strong contrast with other container habitats Þlled by rains or humans and used repeatedly. Hence, there is a strong possibility that these two species have evolved life history traits different from other Stegomyia species.
Their biology is little known. Initially, their larvae were considered almost conÞned to pitchers (Bohart 1956 ), but later studies conÞrmed that Ae. maehleri larvae often inhabit other containers (Savage et al. 1998 , Noda et al. 2005 . Bohart (1956) observed that Ae. dybasi females bite humans day and night.
In Palau, Ae. dybasi coexists with two other Stegomyia species, Aedes palauensis Bohart and Aedes hensilli Farner, from the former Ae. dybasi probably differentiated (Sota and Mogi 2006) . Larvae of Ae. palauensis and Ae. hensilli inhabit various types of natural and artiÞcial containers but are absent from Nepenthes pitchers (Bohart 1956 Colonies of three Palauan species were maintained for several generations. Ae. palauensis and Ae. hensilli were maintained in the same way as that for Ae. aegypti and Ae. albopictus. Adults, given 2% sucrose solution soaked on cotton, copulated easily in a nylon mesh cage (20 by 20 by 30 cm). They were allowed to take blood from human hands and, for oviposition, given a plastic cup (6.5 cm in diameter, 7 cm in depth) lined with Þlter paper and half-Þlled with aged tap water. Eggs, kept wet for 3 d, were then dried and kept at Ͼ90% RH for 2 mo until next rearing. Three hundred larvae were reared in a plastic tray (20 by 30 by 4.5 cm) containing 1.5 liter of aged tap water and given a 1:1 mixture of ground cockroach pellets and dry yeast. Pupae were collected into a plastic cup and put in a cage for adults.
Maintenance of the Ae. dybasi colony differed from above-mentioned procedures in several points. First, a cup for oviposition was given several days after adult emergence without blood feeding. Second, eggs were allowed to hatch without drying. Third, the larvae were reared in a plastic cup (6.5 cm in diameter, 7 cm in depth, and Ͻ50 larvae per cup) containing 180 ml of aged tap water. This density level is lower than those common in the Þeld. Fourth, the larvae were fed on insects kept frozen. First and second instars were given ants Oecophylla smaragdina F. (Formicidae), because ants are most abundant prey of Nepenthes pitchers (Kato et al. 1993) . Third and fourth instars were given honey bees, Apis mellifera (L.). Small bees and wasps are also common prey of the pitchers that attract insects with nectaries (Juniper et al. 1989) . Bees were cut into heads, thoraxes, and abdomens to facilitate larval feeding. Food was added when given insects had half been consumed except for exoskeleton. The larvae fed on the same food as for Ae. palauensis and Ae. hensilli did not pupate. The abovementioned density and food regimen for larvae caused no appreciable ill effects of overcrowding as evidenced by expression of autogeny in all females (see Results).
Ae. maelhleri larvae collected in the Þeld were raised with the regimen same as that for Ae. dybasi but emerging adults did not lay eggs and colony establishment failed (see Results).
Ovary Development in Three Palauan Species. Females were dissected before and after blood feeding under a microscope to count the number of mature eggs and measure wing lengths.
Immature Development in Three Palauan Species. Filter paper slips with eggs laid within 24 h were put in water and hatching larvae were counted daily. Firstinstar larvae, having hatched within 24 h, were reared by the container and food same as those for colony maintenance. Numbers per container were 25Ð50 for Ae. dybasi and 100 for the other species. Pupae were counted daily and kept in a plastic cup in a cage. Pupal exuviae were counted daily by sex with the shape of genital lobes. The observation was repeated three times.
Egg Size in Three Palauan Species. Maximum lengths and widths of eggs were measured under a microscope for 20 eggs before hatch.
Desiccation Resistance of Eggs in Three Palauan Species. Eggs laid within 24 h were kept wet for 1 d for Ae. dybasi and 3 d for Ae. palauensis and Ae. hensilli. These wet periods were considered necessary and sufÞcient for embryogenesis, because many of eggs kept wet for 1 d more hatched. Then, eggs were dried at 70% RH for 1 d and kept at Ϸ90, 70, or 40% RH. Each humidity condition was produced by putting a saturated solution of KCl, NH 4 NO 3 , and MgCl 2 ⅐ 6H 2 O, respectively, in a sealed plastic container (23 by 30 by 8 cm). Dry periods were 1Ð5 d for Ae. dybasi and 3Ð150 d for the other species. Eggs after dry periods were submerged in deoxygenated water containing 0.05% nutrient broth (Difco, Detroit, MI), and hatching larvae was counted daily. Larval hatch usually ceased within 3 d but was observed for Ϸ10 d. Then, eggs were dried at 70% RH for 3 d and submerged again. Larvae hatching in the Þrst submergence and the second submergence were totaled. Unhatched eggs were counted under a microscope.
Statistical Analyses. Statistical tests were performed by using SPSS Base 10.0J (SPSS Inc. 1999). Percentages were arcsine transformed before statistical tests.
Results
Ovary Development in Three Palauan Species. All of Ae. dybasi females examined had mature eggs on the fourth day after emergence without blood feeding (Table 1), indicating autogeny. They were reluctant to take blood from human hands either before or after autogenous oviposition. A few females took blood after repeated trials, but bloodmeals did not increase egg numbers. The number of ovarioles per ovary was Ϸ10, but the exact number could not be determined due to deterioration of specimen conditions during freezing before (Table 2) . In contrast, time from larval hatch to pupation or adult emergence was shortest in Ae. hensilli and longest in Ae. dybasi. In all cases, differences between Ae. dybasi and the others were larger than those between the latter two species. In all species, Ͼ90% of eggs hatched out, and Ͼ70% of hatching larvae became adults.
Egg Size in Three Palauan Species. Eggs of Ae. dybasi were larger than those of Ae. palauensis and Ae. hensilli in both length and width (Table 3) .
Desiccation Resistance of Eggs in Three Palauan Species. Hatch rates of eggs differed signiÞcantly by species (analysis of variance [ANOVA] F ϭ 68.19; df ϭ 2, 129; P Ͻ 0.001), humidity (F ϭ 103.91; df ϭ 2, 129; P Ͻ 0.001), and days kept dry (F ϭ 29.39; df ϭ 13, 129; P Ͻ 0.001) ( ) of water that contains pupae. They seized a female just emerging and tried to copulate with her as soon as her genitalia were withdrawn from the pupal skin. Usually, a few males congregated on a single female and, even though one of them succeeded in copulation, some others still tried to seize the female (Fig. 1) . Copulation continued several or more minutes on the water surface, with the male and female facing opposite directions. Males also tried to catch ßying females.
Females never took blood from human hands. They also never laid eggs even though oviposition cups were given. The last female dissected immediately after death had 28 and 30 ovarioles remaining at the previtellogenic phase in the sense of Clements (1992) . Therefore, this species is not autogenous.
Discussion
Ae. dybasi. Three Palauan species belong to Group C (scutellaris group) of Stegomyia (Bohart 1956 ). Ae. dybasi and Ae. palauensis are endemic to Palau, whereas Ae. hensilli ranges over Caroline Islands, including Yap (Bohart 1956 , Savage et al. 1998 , Noda et al. 2005 ). Molecular phylogenetic analyses indicated that all of them belong to the scutellaris subgroup of Group C and that Ae. dybasi probably differentiated from Ae. palauensis (Sota and Mogi 2006) . They coexist on a small island except for complete separation in larval habitats, so a shift in larval habitats could have been the Þrst step in speciation toward Ae. dybasi.
Morphology of Ae. dybasi larvae is peculiar in Stegomyia in its elongate body and reduced setal branching, comb, pecten and saddle, whereas its adults are surprisingly similar to other species (Bohart 1956 ). Present results show that life history traits of Ae. dybasi differ from those of Ae. palauensis and Ae. hensilli not only in the larva but also in adult and egg stages. The female is autogenous and lays fewer but larger eggs that can neither resist desiccation nor postpone hatch. Means within a column followed by the same letter are not significantly different (P Ͼ 0.05) by TukeyÕs honestly signiÞcant difference (HSD) test following one-way ANOVA (F ϭ 121.88; df ϭ 3, 53; P Ͻ 0.001 for egg number; F ϭ 7.60; df ϭ 3, 36; P Ͻ 0.001 for wing length). Wing lengths were measured for 40 specimens with intact wings. Values ͓means Ϯ SD (range)͔ within a column followed by the same letter are not signiÞcantly different (P Ͼ 0.05) by TukeyÕs HSD test following one-way ANOVA (F ϭ 375.48; df ϭ 2, 57; P Ͻ 0.001 for length; F ϭ 302.82; df ϭ 2, 57; for width, P Ͻ 0.001).
Developmental time of eggs is shorter, whereas that for larvae and pupae is longer.
Among those traits, the most remarkable may be large eggs that lack desiccation resistance and develop fast. The volume of aedine eggs can be calculated as /6 ϫ length ϫ width 2 following approximation of egg shape to a prolate spheroid (Hawley 1985 (Sota and Mogi 1992) . Also, under the same condition, mean wing lengths of Ae. aegypti females were 3.3Ð3.5 mm by strains (Mogi et al. 1996) . Therefore, the volume of Ae. dybasi eggs is extremely large relative to its female size (mean wing length, 2.63Ð2.75 mm; Table 1 ).
Fluid volume in a single pitcher of N. mirabilis is usually Ͻ50 ml, and oviposition is concentrated in young pitchers active in ßuid secretion and prey trapping (Beaver 1983, Mogi and Yong 1992) . These circumstances could intensify larval competition, so large eggs that develop fast and hatch without postponement could be advantageous.
Desiccation resistance in eggs is a trait that characterizes the genus Aedes (Clements 1992) . However, at least two species of Central and South America, Aedes (Ochlerotatus) fluviatilis (Lutz) and Aedes (Ochlerotatus) fulvus (Wiedemann), reportedly lay eggs lacking desiccation resistance (Consoli and Williams 1978, Galindo et al. 1951) . Resistance in eggs of Aedes (Verrallina) atriisimilis Tanaka & Mizusawa is very weak compared with ordinary aedine eggs; only (Miyagi and Toma 1982) . Main larval habitats of these species are ground pools (Zavortink 1972 , Miyagi and Toma 1982 , Alfonzo et al. 2005 , and factors that caused no or weak resistance are unknown. As for Ae. dybasi, desiccation resistance is not required, because young pitchers always contain ßuid; desiccation resistance that may postpone hatch could even be disadvantageous, because old pitchers cease ßuid secretion. Autogeny is reported for a few Stegomyia species (Hoyer and Rozeboom 1977, Trpis 1977) . Reluctance to take blood observed in this study conßicts with a Þeld observation (Bohart 1956 ), which may suggest the necessity of bloodmeals when larval food is poor as in other autogeneous Stegomyia species (Trpis 1977 (Trpis , 1978 . Autogeny in Ae. aegypti may be advantageous in environments with few hosts (Trpis 1977) , but actual relationships between autogeny and environments have not been shown for Stegomyia. Autogeny in Ae. dybasi may be a trait possible in the life depending on Nepenthes pitchers rather than essential to it.
Development of Ae. dybasi larvae is unusually slow among Stegomyia species. Like Ae. palauensis and Ae. hensilli, time from hatch to adult emergence in Stegomyia is usually Ϸ10 d or less if temperature and food are appropriate (Gerberg et al. 1994) . Autogeny in mosquitoes is often associated with longer larval periods that allow more nutrient carryover to adults (OÕMeara and Craig 1970, OÕMeara 1987) . Slow development in Ae. dybasi larvae may have been a prerequisite for evolution of autogeny and fast embryonic development.
Ae. maehleri. This species solely represents Group G (the maehleri group) of Stegomyia because of its unique adult and larval morphology (Bohart 1956 ). Molecular phylogenetic analyses, however, suggested that Ae. maehleri is a unique lineage within Group C (the scutellaris group) (Sota and Mogi 2006) . Its larva resembles to Ae. dybasi in reduced setal branching and pecten, which Bohart (1956) regarded as convergence due to living in Nepenthes pitchers.
Copulation behavior of Ae. maehleri is unique in Stegomyia. Males of other Stegomyia species seize ßy-ing females often around host animals (Yuval 1994 , Clements 1999 , and copulation ends within seconds. Behavior of Ae. maehleri more or less resembles to "early copulation" described for Culiseta inornata Williston (Rees and Onishi 1951, Lang 1977) , Opifex fuscus Hutton (Marks 1958, Haeger and Provost 1965) , Deinoserites cancer Theobald (Downes 1966 , Provost and Haeger 1967 , Conner and Itagaki 1984 , and Aedes iriomotensis Tanaka & Mizusawa (Miyagi and Toma 1981) . Males of these species have antennae of reduced plumosity, and copulation with a female just having emerged continues some minutes on the water surface. Males of Ae. maehleri have normal antennae (Bohart 1956 ) and responded to ßying females. This species may represent an initial stage of early copulation.
Early copulation in O. fuscus and D. cancer was regarded as a trait to lessen the risk of reproduction failure by dispersal from emerging sites, because their larvae inhabit brackish rock pools and crab holes, respectively, that exist discretely along a coastal line, (Marks 1958, Provost and Haeger 1967) . Another hypothesis for O. fuscus is that severe maleÐmale competition due to excess males at the time of mating led to early copulation (Slooten and Lambert 1983) . Risk of dispersal might be applicable to pitcher habitats, because the host plant occurs patchily. This explanation, however, seems not applicable to Cs. inornata and Ae. iriomotensis, because their larvae inhabit ubiquitous ground pools LaCasse 1955, Miyagi and Toma 1982) . Relationship between early copulation and larval habitats is a subject that requires further study with additional examples.
Refusal of taking blood from humans (but not autogenous), if conÞrmed by additional observation, also may be a trait rare in Stegomyia, because most species of this genus bite humans (Mattingly 1965) . Vertebrates native to Yap are bats, birds, and lizards. Humans occupied the island for Ͼ5,000 yr, and animals such as pigs, dogs, chickens, and rats were introduced. Refusal of human blood might suggest strong adherence to native vertebrates.
As stated, Ae. maehleri larvae inhabit also natural and artiÞcial containers (Savage et al. 1998 , Noda et al. 2005 . If this species is at the initial stage of evolution as pitcher inhabitants, not all of its traits may be acquisition after the invasion to Nepenthes pitchers.
Larval Habitats and Mosquito Evolution. Larval habitats may be the most diversiÞed aspect in mosquito ecology (for a review of classiÞcation of mosquito larval habitats, see Laird 1988) . Regional or taxonomic monographs of mosquitoes compile larval habitat information for each taxonomic entity from genera through subspecies, because it is an important trait that helps identiÞcation.
Evolutionary convergence across genera among species that use a common type of larval habitats is suggested for larval morphology of Nepenthes pitcher mosquitoes (Peyton 1977) , adult morphology of brackish crab-hole mosquitoes (Downes 1966) , and larval and adult behavior of fruit-husk mosquitoes (Lounibos 1983) . A case of Ae. dybasi suggests that a larval habitat shift may be attended by evolutionary changes not only in larval morphology but also in life history traits involving all the developmental stages from the egg through the adult.
Nepenthes pitchers that provide a unique aquatic environment could contribute to understanding the role of larval habitats in mosquito evolution. Nepenthes specialist mosquitoes are known in several genera as well as a few aedine subgenera other than Stegomyia (Beaver 1983) . Comparison between Nepenthes mosquitoes and related non-nepenthes species across taxa could reveal either converging or diverging patterns in mosquito evolution under phylogenic potential and constraints after acquisition of a new larval habitat. ervation OfÞce, Micronesia, for permission to conduct mosquito survey on Yap. I also thank anonymous reviewers for useful comments.
